We present a micromagnetic approach to the exchange bias (EB) in ferromagnetic (FM)/antiferromagnetic (AFM) thin film systems with a small number of irreversible interfacial magnetic moments. We express the exchange bias field H EB in terms of the fundamental micromagnetic length scale of FM-the exchange length l ex . The benefit from this approach is a better separation of the factor related to the FM layer from the factor related to the FM/AFM coupling at interfaces. Using this approach we estimate the upper limit of H EB in real FM/AFM systems.
I. INTRODUCTION
The coupling between a ferromagnet (FM) and an antiferromagnet (AFM) that is set up on field cooling from temperatures above the Néel temperature of the AFM results in an exchange bias (EB).
1 However, it seems that we do not yet have a general and compact micromagnetic description of EB in spite of a number of numerical simulations 2-4 and models. 5, 6 In this respect, three main points need to be emphasized. (i ) In numerous proposed mesoscopic and microscopic models of EB 5, 6 , the master formula for the unidirectional anisotropy field H EB (the exchange bias field) is
where J EB is the interfacial exchange bias energy and t F M is the thickness of the FM layer with magnetization M. Equation (1) represents a micromagnetic relation expressing the equilibrium between the exchange bias energy density J EB /t F M and the Zeeman energy.
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The main problem in this relation is J EB , which is generally ill-defined, so that we do not know how it is determined by the fundamental parameters of a ferromagnet, taking into account the peculiarities of the interface structure, and of the antiferromagnet. For example, if we arbitrarily suppose that J EB is determined exclusively by the AFM, then, in accordance with Eq. (1), H EB should somehow decrease for EB systems with FM of a high magnetization (e.g., Co). However, we will show in Sec. III that the tendency is in general quite opposite. A ferromagnet with a high magnetization and a high exchange stiffness gives usually the highest H EB . (ii ) An important step forward in explaining the magnitude of the EB has been done by Stöehr's group, who, using x-ray magnetic circular dichroism, showed that EB is produced by a small (≈ 0.04 = 4%) number of irreversible AFM spins. 7, 8 Therefore, a spin structure at an FM/AFM interface consists of two groups.
First, the uncompensated AFM spins-weakly coupled to the rest of the AFM spin lattice so that they can rotate. Second, the irreversible spins-a small fraction of uncompensated spins that are tightly coupled to the AFM spin lattice. Hence, a reduction factor ǫ equal to the fraction of irreversible spins should be taken into account if Eq. (1) is to explain the experimental data. (iii ) In FM/AFM bilayers, the coercive field H C of the FM undergoes a substantial increase by a factor of 10-20 in comparison with a single FM film due to an anisotropy K imposed on the FM by the AFM's uncompensated spins. 5 However, after inspecting a large number of available experimental data, 9,10 it appears that the saturation field H S (measured in the hard direction) of the FM coupled to an AFM is a more reliable quantity than H C measured in the easy direction. showing that H S is of the order of H EB . Therefore, the uniaxial anisotropy field H S is
The aim of the present paper is to express Eq. (1) in a more fundamental form involving the micromagnetic characteristics of the FM. It should be stressed that by using magnetic measurements of FM/AFM systems with EB, we can only determine the magnetic properties of the FM. Nevertheless, looking from the FM side, we can argue about an interaction between the FM and the AFM. We shall concentrate on the most important aspects of EB, namely the main factors that determine the values of H EB and J EB . In particular, we shall determine the role of the FM layer and we shall look for an FM/AFM system that fulfils the requirements of an almost ideal EB effect.
II. MODEL
Three quantities describe the micromagnetism of ferromagnets: the magnetization M, the magnetic anisotropy K, and the exchange stiffness constant A. 
Equivalently, the micromagnetic characteristics of an FM can be expressed in terms of the exchange length l ex and the exchange correlation length l cor (domain wall parameter)
defined as
respectively. Both l ex and l cor are the fundamental length scales that control the behavior of magnetic materials and are relevant for the description of an inhomogeneous orientation of the spin structure. 12 In Tab By multiplying and dividing Eq. (3) by 4πM, we can express it in a different way:
where l ex denotes an averaged exchange length within the interface region. h All data are representative for room temperature except that of magnetite, which is at 5 K.
comment (ii ) implies that A and l ex are to some extent weakened by the low number of the pinned spins. Let us inspect the impact of the low number of the irreversible spins on A more closely. If we imagine the interface shown in Fig. 2 with the spins (marked by circles) pinned to the rest of the AFM (marked by shaded area), we can see that they are exchange-coupled with equal numbers ǫ of FM spins. Therefore,
where I is the exchange integral. S F M and S AF M are the FM and AFM spins, respectively.
Here we assume that the EB systems exhibit negative bias, so that the FM spins and irreversible AFM spins are aligned in the same direction (I > 0). 8 Hence, an EB for a realistic interface with a low number of irreversible spins can be expressed by
with the product of 4πM l Accordingly, the interfacial exchange bias energy J EB is expressed by
where the second factor in parentheses has the dimension of length scale of 200 nm if ǫ = 1 so that J EB would take a huge value of 50-150 erg/cm 2 . However, since J EB must be less 
which has the same symmetrical form as Eq. (7) with l 2 cor in the denominator. It is characteristic that the factor ǫ 2 is absent. For a typical value of H S = 200 Oe in Fig. 1 , Eq. (9) leads to l cor = 32 nm.
The presence of both l ex and l cor in Eqs (7) and (9) may be linked with an inhomogeneous spin structure of the FM and suggests the formation of a magnetization twisting. Such a magnetization twisting was analyzed about 50 years ago by Aharoni et al. 22 They considered a ferromagnetic slab, infinite in the x and y directions and of width 2t F M . At t = z/t F M = ±1, the spins are assumed to be held in the x direction by the exchange coupling with the AFM and expressed with appropriate boundary conditions. Let an external field H be applied in the x direction. The easiest mode for magnetization changes is evidently rotation of the spins in the xy plane. The functions which minimize the energy of such a system are the solutions of the Euler equation
with the boundary conditions Θ ′ (0) = 0, Θ(±1) = 0 and with h = H/4πM. The solution of Eq. (10) is expressed in terms of the complete elliptic integral of the first kind
where sn is the sine amplitude function and k is "hidden" in the relation
This solution leads to a strongly asymmetric magnetization reversal curve as shown in Fig.   4 (a) , which saturates at −h ≈ ∞. This important approach to EB has not attracted much attention except in some old papers. 23 Similar asymmetric magnetization reversals have been recently observed in Ni/FeF 2 bilayers and interpreted as originating from the intrinsic broken symmetry of the system, which results in local incomplete domain walls parallel to the interface (i.e., the magnetization twisting) in reversal to negative saturation of the FM.
The twisting of the magnetization vector shown in Fig. 4 (b) comes from the boundary conditions stating that the magnetization is fully "free" at the center of the FM layer and fully "pinned" at the two FM/AFM interfaces.
As is seen in Fig. 4 (a) , the magnetization starts twisting above a certain field h >
Hence,
Equation (12) describes the magnitude of the exchange bias field for an ideal FM/AFM system without uniaxial anisotropy imposed by AFM but with fully irreversible spins at the interfaces. The similarity between Eq. (12) and Eq. (7) is striking in that the factor (π/2) 2 /t 2 F M is purely geometrical. If we equate H EB with H 0 (Eq. (7) to Eq. (12)) in order to estimate the maximal value that ǫ can achieve for the ideal pinning described by the boundary conditions, we obtain
For typical values ξ ≈ 0.3 nm and t F M ≈ l ex ≈ 5 − 10 nm, ǫ 2 ≈ 0.15 − 0.075. As a result 38%-27% of the irreversible AFM spins would produce the highest possible values that H EB (J EB ) can achieve, i.e., 25-12 kOe (6-3 erg/cm 2 ). Hence, we come to the conclusion that the highest value that ǫ can attain is (38%-27%) is just due to the formation of an incomplete domain wall (i.e., magnetization twisting). In reality, however, AFM is polycrystalline and defected, so that these values are overestimated. In contrast, in all-metallic FM/AFM systems, the exchange coupling between the FM and AFM species is direct, so that any change in ordering at the interfaces results in a frustration of exchange interactions.
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Now we can understand why in most of the FM/AFM all-metallic thin film systems the EB field is of the order of 100-400 Oe. As seen in Tab. I, the product 4πM l 2 ex does not differ much among most of the soft FM materials. Therefore, any enhancement of the EB relies mainly on increasing ǫ. We have little room for manoeuvre except to increase ǫ by some technological trick like, for example, dusting the interfaces with ultrathin Co or Mn layers 11, 27 or a proper setting AFM in a magnetic field. and III, respectively. As was discussed above, ǫ depends on the interface quality and on the anisotropy of the AFM layer. Since the interfaces in the stack should not differ much, the increase in anisotropy seems to be responsible for these slight changes in ǫ. We have proven with x-ray diffraction measurements (see Ref. 11 ) that the grain size of IrMn increases as the subsequent layers are deposited from the substrate, so that the increase in AFM anisotropy is justified. However, in view of our discussion, we do not expect that ǫ can exceed the values of several percent in the case of all-metallic FM/AFM systems.
IV. SUMMARY
In summary, we have shown that the exchange bias resulting from a coupling between FM and AFM layers can be described in terms of a rough micromagnetic approach, which seems to capture the essential characteristics of the exchange bias. Specifically, we showed that the interfacial interactions involved between the FM and the AM reduce to a geometrical problem with the fundamental micromagnetic length scale being the exchange length l ex .
The model identifies the range of the exchange bias field H EB (exchange bias energy J EB ) compatible with those observed in experiment. Using the model, we proved that the highest effective number of irreversible spins is lower than ∼30%-40%.
